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ABSTRACT

Phosphofructokinase (PFK, EC 2.7.1.11) was extracted from
rabbit skeletal muscle, and the catalytic and regulatory properties of
the purified enzyme were studied in a variety of ways.
+
PFK was highly activated by a concentration of NH 4 as small
as U x 10" 5 M.

The activation was observed even in the presence of a

saturating concentration of K . No other nitrogenous compounds could
be found which had any effect on the enzyme.

Even at relatively high

4*
f
NH4 levels, PFK retained its cooperativity with respect to fructose 6phosphate as well as its sensitivity to inhibition by citrate or excess
ATP.

+

The ability of a modulator such as NH 4

to alter the kinetic

parameters of an allosteric enzyme without completely reversing its
sensitivity to other modifiers is a significant concept in the regula
tion of enzymatic activities.

The high specificity of the activation

of PFK by NH4+ and its action jji vitro at concentrations comparable to
those in several mammalian tissues prompted me to ascribe a physiological role for NH 4

in glycolysis.

The kinetic mechanism of PFK was investigated in an attempt
to determine whether the reaction is sequential or ping-pong.

This

study was complicated by the allosteric nature of the enzyme and the
limitations imposed by the assay procedure.

Although a definite con

clusion could, not be reached, the kinetic patterns obtained pointed to
a sequential mechanism.
The effect of temperature on the PFK reaction was studied
over a wide range.
°

A 5 to 6 fold increase in V
with respect to both
'
max
r

substrates was observed as the temperature was increased from 10 to i|0

ix

degrees C.

This activation was ascribed to an increase in the rate of

breakdown of the enzyme-substrate complex.

PFK maintained the same

catalytic efficiency at all temperatures as evidenced by a straight
line Arrhenius plot with activation energy of approx. 10 kcal/mole.
The enzyme also retained its allosteric properties with respect to both
substrates over the entire temperature range.

These results suggest

that any conformational change in PFK brought about by heat must be a
subtle one.

Such a change might be due to an increase in hydrophobic

bonding within the enzyme as the temperature is elevated.
The specificity of the protein modifying reagent, 2,4,6trinitrobenzene 1-sulfonic acid (TNBS), was investigated and then used
as a probe for the active site of PFK.

TNBS was found to modify both

thiol and free amino groups in the tri-peptide, glutathione.

The re

agent appeared to react in the same way with PFK which contains approx.
12 thiols and 30 free amino groups (e-aminos of lysine) per protomer of
62,000 M.W.

The modification by TNBS of only two amino plus thiol

groups per PFK protomer resulted in an enzyme activity loss of 37 #.
This gives strong support to the conclusion reached by different workers
(using other modifying reagents) that amino and thiol groups of PFK play
a vital role at the active site of the enzyme.

Furthermore, I found

that both substrates provide some protection against inactivation of
PFK by TNBS.

x

SECTION ONE:

Regulation of

Phosphofructokinase by Ammonium Ions

1

I.

INTRODUCTION AND OBJECTIVES
i

Regulatory Properties of Phosphofructokinase

The enzyme, phosphofructokinase (PFK, EC 2.7.1.11) catalyzes
the following glycolytic reaction:
Fructose 6 -P + ATP — ®-- > fructose 1,6-di-P + ADP + H
Very recent studies (Kuo and Younathan, 1973) depict fully active
rabbit muscle PFK as a hexamer (M.W. = J . 6 x 105) which can be reversibly converted to several aggregated forms with as yet undefined mole
cular weights.

The equilibrium in such a conversion appears to be a

function of pH, enzyme conc. and ATP conc. (Mansour, 1972).

PFK is

inhibited by citrate or excess ATP and is activated by both of its
products, fructose 1,6 di-P (FDP) and ADP as well as numerous other
effectors.

Furthermore, in the presence of an inhibitory ATP level and

reduced pH, the enzyme displays sigmoidal kinetics with respect to the
substrate fructose 6 -P (F6 -P).

These sensitive, allosteric controls

along with the essential irreversibility of the reaction and its posi
tion near the beginning of a metabolic sequence point to the key role
played by PFK in the regulation of glycolysis and the mediation of the
Pasteur effect.
Inasmuch as a recent, comprehensive review of PFK has been
published by Mansour (1972), I shall make no attempt to provide a de
tailed history of the enzyme except where it specifically pertains to
my work.

2

Activation of PFK by NH4+

My studies on PFK began in I969 when I discovered that its
activation by ammonium ions was of a highly specific nature.

Muntz

was the first to report that NH 4+ activated PFK in yeast extracts (19^7),
rat brain homogenates (1951)9 and the partially purified enzyme from
bovine brain (1953).

Later, NH4

was shown to stimulate purified PFK

from sheep brain (Passonneau and Lowry, 1963)9 rabbit muscle (Uyeda and
Racker, 196 5 ; Paetkau and Lardy, 1967)9 and yeast (Sols and Salas, 196 6 ;
Mavis and Stellwagen, 1970)«

However, a thorough study of the modula

tion of catalytic and allosteric properties of rabbit skeletal muscle
PFK by NH4+ had not been reported.Moreover, others (Paetkau and
Lardy, I9 6 7 ; Sols, 1968 ) expressed
this enzyme by NH4

the opinion that the activationof

was not physiological in view of the fact that

"toxic" concentrations were required.

I have shown, however, that when

the ammonium sulfate present in commercial preparations of auxiliary
enzymes used in the assay is completely removed, muscle PFK is stimu
lated more than four-fold by readdition of physiological concentrations
of NH4+ .

Furthermore, I have proposed

(Abrahams and Younathan, 1971)*

a metabolic role for this effect

II.

MATERIALS AND METHODS

Reagents

I prepared rabbit muscle PFK according to the method of Ling,
et al.

(196 5 ).

This procedure yields a highly purified PFK by

utilizing a unique property of the enzyme, namely, its stability in the
presence of an organic solvent (jL.e. , isopropanol) at a relatively high
temperature (k^° C).

Since ATP alters the kinetic characteristics of

PFK, I omitted the crystallization step in the presence of this nucleo
tide.
I stored the enzyme as a concentrated solution (about 20 mg/ml)
in 0.1

M KHgPO.^ buffer (pH 8.0) containing 1 mM EDTA and found it to be

stable at 4° C for several months.

The homogeneity of each preparation

was established by ultracentrifugation (Spinco Model E) in the presence
of 6 M guanidinium chloride.
The auxiliary enzymes, namely aldolase, triose phosphate isomerase, and ry-glycerophosphate dehydrogenase were purchased as ammonium
sulfate suspensions from Boehringer Mannheim Corporation.

In order to

eliminate all NH4+ , I dialysed a mixture of these enzymes for 36 hours
against three changes of 50 roM Tris-Cl (pH 8.0) containing 0.2 mM EDTA.
All reagents used were of the highest grade obtainable.
recrystallized with water and Norite prior to use.
purchased from Sigma Chemical Company.
of Aldrich Chemical Company.

Tris buffer was

All nucleotides were

DTNB (see below) was a product

All monovalent cations used were furnished

as the chloride salt; chloride ions had no effect on PFK activity.

k

Enzyme Assay

In all studies, I assayed PFK activity by the coupled proce
dure described by Ling, e£ al. (I9 6 6 ).

The stock PFK preparation was

diluted with a solution containing 50 mM Tris, 1 mM EDTA, 3

dithio-

threitol, 0.01$ bovine serum albumin and was adjusted to pH 8.0 with
phosphoric acid.

For the ammonium studies, an enzyme unit was defined

as the amount of PFK which catalyzed the conversion of 1 nmole of F6-P
to FDP per min. at pH 7-2 and 28°.

The PFK preparations used had

specific activities (l^O to I 50 units per mg protein) comparable to
those reported in the literature (Ling, et al., I9 6 6 ) when assayed
under optimal conditions.

The lower specific activities reported' here

are due to the use of suboptimal conditions.

In particular, the sub-

optimal pH of 7.2 was used to simulate the physiological condition and
to demonstrate clearly the allosteric properties of the enzyme which
are observed at higher pH values.
The enzymatic activity was assayed with a Gilford recording
spectrophotometer.

For greater sensitivity, I set the full width of

the chart for 0 . 5 absorbance unit.

This necessitated the use of only

0.08 mM NADH in the assay mixture.

Enough dialyzed auxiliary enzymes

were added such that a further addition resulted in no further increase
in activity.

Thiol Group Reactivity

I determined the reactivity of the thiol groups of the enzyme
using 5 ,5 /-dithiobis(2-nitrobenzoic acid) (Ellman's reagent or DTNB) as
described by Younathan, et aJL. (196 8 ).

f II .

RESULTS

Preliminary Investigations of PFK Kinetics

Before presenting the details of the effect of NH4+ on PFK,
it is appropriate to show the behavior of the enzyme in absence of
monovalent cations.

Figure 1 illustrates the inhibitory nature of

excess ATP as well as the ability of the other substrate, F 6 -P, to
deinhibit the enzyme.

The corresponding Woolf plot (Fig. 2) shows

quantitatively that as F 6 -P conc. is increased from 0.1 to 1.0 mM, the
V
for ATP is raised from 22 to
max
from 0.03 to O.O 5 mM.

units/mg, and the Km is raised

One would ordinarily expect an increase in Vmax

to be accompanied by a decrease rather than an increase in Km for the
The usual case is valid, however, only when k3 in

same substrate.

the following equation is rate limiting:

E

+

S

(ES)

—

E

+

P

k2

where E is enzyme, S is substrate, (ES) is enzyme-substrate complex,
and P is product.

k x Is the rate constant of formation of (ES) com

plex, while k 2 and k 3

are the rate constants for disappearance of the

complex back into reactants or to products, respectively.

V
ID3X

=

r
n
k3[total enzyme J and Km

=

Now, since

k 2 + k3
7K1

V
will increase with a larger k3 , but Km will approximate k 2 /k! only
max
when k3 is very small relative to k2 .

Only under this condition would

Km be an inverse measure of enzyme-substrate affinity such that a lower

6

FIGURE 1
Activity of PFK as a function of ATP and F6 -P concentrations
in the absence of monovalent cations.

Each reaction mixture (1 ml)

contained IjO mM sodium glycylglycine (pH 7*2), 2 mM MgCl2 , 3
threitol, and 0.62 fig PFK.

dithio-

Other reactants and conditions of assay

were as described under "Materials and Methods".
All the components of a typical assay are presented in a table
in Appendix I.

7

0.241.0 mM F6-P

0.20(ujuj/ao)

0.16

0.12
01 mM F 6-P

>0.08
0.04

[A T P ] , mM

8

FIGURE 2
Woolf plots for ascending phase of curves In Figure 1.
1.0 and 0.1 mM F6-P:

V

max

With

was 34 and 22 units/mg, respectively, and

Km for ATP was 0.05 and 0.03 mM, respectively.

9

01

o

0.10
0.20
[ATP] , mM

0.30

11
Km Indicates a higher iifCi.nI.ly and vice-versa.

Thus, one must conclude

for the case in Figure 1, that kn is not small with respect to k? , and
that Km is not an inverse measure of enzyme-substrate affinity.

Reversal of ATP Inhibition by Elevation of pH

Table I shows that the inhibition of PFK by excess ATP is a
function of pH.

TABLE I.

0.1 mM ATP at each pH is taken as the reference point.

EFFECT OF pH ON THE INHIBITION OF PFK BY EXCESS ATP

v (OD./min.)
[a t p ]

pH 7-2

pH 8.1

pH 8.5

0.1 mM

o.o4o

0.046

0.046

0.4 mM

0 .0 0 9

0 .0 5 I

0 .0 5 4

0 .0 1 7

0 .0 3 0

0.8 mM

—

Note that with 0.4 mM ATP the enzyme is 77$ inhibited at pH J.2
but is 11$ and 17$ activated at pH 8.1 and 8.5> respectively.

With a

higher ATP conc. (0.8 mM) the enzyme becomes 67$ and 44$ inhibited at
pH 8.1 and 8.5j respectively.

Each reaction mixture (l ml) contained

0.1 mM F 6 -P, 1 mM MgCl? , and 0.1 p,g PFK.

Other reactants and conditions

of assay were as described in Figure 1.

Multiple Phosphate Donors

Figure 3 demonstrates that the phosphate donor for PFK is not
restricted to ATP.

Equally important is the observation that while ATP

displayed the highest VQpt (3 6 units/mg), it also had the lowest apparent

FIGURE 3
Activity of PFK using three different phosphate donors in the
absence of monovalent cations.

Each reaction mixture (1 ml) contained

0.1 mM F 6 -P, 1 mM MgCl2 , and 0.18 p,g PFK.

Other reactants and condi

tions of assay were as described in Figure 1.
VQpt was 3 6 , 28, and 20 units/mg, and apparent Km was 0.03,
0.08, and O.O 5 mM for ATP, ITP, and UTP, respectively.

Apparent Ki for

ATP and UTP as inhibitors was O .3 7 and O .5 2 mM, respectively.

Apparent

Km or apparent Ki was taken as the nucleotide concentration which brought
about an initial velocity equal to half-VQpt using, respectively, the
ascending or descending phase of the curves.

12

0.070 0.06
P 0.05
o 0.04

0.1

0.2

0.3

0.4

0.5

[Nucleotide] , mM

15

14
K1 (0.37 mM) of the three donors tested.

One donor, namely ITP, was

only very slightly inhibitory at the high conc. of 0 . 5 mM.

This prop

erty of ITP makes it useful for studies in which inhibition of the
enzyme by phosphate donor is undesirable.

Activation of PFK by NH4+

Figure 4 represents one of the early experiments which aroused
my interest in the activation of PFK by NH 4 .

I was impressed here by

the ability of NH 4+ to activate and deinhibit PFK more effectively than
K+ as evidenced by their respective VQpt and Ki.
apparent Km rose with the

The fact that the

increase in VQpt may be explained by the com

ments with regard to Figure 1.

I was later to learn that the

activa

tion by NH4+ is even more dramatic since only about 1/10 of the NH4+
conc. used here (i,.,e., 2 mM) would have produced the same degree of
activation.

On the other hand, the 20 mM K+ used in Figure 4 was

later shown not to be in excess.
The experimental conditions for Figure 5 were the same as for
Figure 4, except that ITP rather than ATP was the phosphate donor.
Figure 5 illustrates that the observed activation is not merely a de
inhibition of ATP.

Effect of NH 4

on the Kinetic and Allosteric Properties of PFK

With these preliminary experiments in mind, I then began to
Figure 6

investigate in detail the

kinetics of PFK activation by NH4*.

shows the response of PFK

activity to increasing ATP conc. in the ab

sence and in the presence of two different levels of NH4+ . As indicated

FIGURE h
Activity of PFK as a function of ATP concentration with 20 mM
NH4+ , K+ , or Na+ .

Each reaction mixture (l ml) contained 0.1 mM F6-P,

1 mM MgCl2> and 0.18

PFK.

Other reactants and conditions of assay

were as described in Figure 1.
VQpt was 1 0 6 9 , and 10 units/mg with N H 4+ , K+ , and Na+ ,
respectively.

Apparent Km for ATP was 0.015, 0.009, and 0.008 mM, while

+

+

+

apparent Ki was O. 5O, 0.26, and 0.14 mM with NH 4 , K , and Na , respec
tively.

Apparent Km and apparent Ki were derived as in Figure 3 .

15

i

0.24
20.0 mM NH4CI

0.20

(ujui/ao)

0.16
0.12

20.0 mM KC1

> 008
0.04

20.0 mM NaCI

0 .1 0

0.20
[ATP] ,
mM

0.30

0.50

FIGURE 5
Activity of PFK as a function of ITP concentration with 20 mM
•f*
-)■
NH 4 , K , or Na .

Each reaction mixture (1 ml) contained 0.1 mM F 6 -P,

1 mM MgCl2 , and 0.18 |xg PFK.

Other reactants and conditions of assay

were as described in Figure 1.
VQpt was 8 8 , 62, and 10 units/mg, and apparent Km for ITP was
0.025, O.O 5O, and O.O5 O with NH4+ , K+ , and Na+ , respectively.

17

0.20
20.0 mM NhUCI

(OD./min.)

0.16

0.12

20.0 mM KCI

0.08

>

0.04

20.0 mM NaCI

0.30

0.20

0 .1 0

[i t p ]

,

mM

0.50

FIGURE 6
Activity of PFK as a function of ATP and NH 4C1 concentrations.
Each reaction mixture (1 ml) contained 0.1 mM F 6 -P and an appropriate
amount of PFK.

Other reactants and conditions of assay were as des

cribed in Figure 1.
The V
and Km for ATP as substrate were determined from
max
Woolf plots (Figure 7) of the ascending phase of the curves.

The Ki for

ATP as inhibitor was taken as the ATP concentration which brought about
an initial velocity equal to half-V^
the curves.

19

using the descending phase of

60
50
>

H40

>
I0 3 0

Km
K|
vmax
mM units/mg FOR ATP, mM
0*031 0 *3 5
NONE 2 2
0.015 0 3 8
0.2
38
65
0.013 0 .5 2
2 .0

M

21

+

In the Insert of Figure 6 , NH 4
for ATP.

Increased the V
and lowered the Km
max

Although the enzyme retained Its sensitivity to Inhibition

by higher ATP concentrations In all three curves, the activator raised
the KI significantly as Indicated.

The V
Km, and KI shown In
m&x }

Figure 6 were derived from the corresponding Woolf plots seen in
Figure 7.
Figure 8 depicts the kinetics of PFK with respect to F 6 -P at
an inhibitory level of ATP (0 . 5 mM).
NH4+ concentrations tested.

Sigmoldicity was apparent at all

The data summarized in this Figure were

calculated from the Woolf plots and Hill plots shown in Figures 9 ancl
10, respectively.

These data show that NH4+ increased the Vmax and

decreased the Km for F 6 -P without affecting the Hill number.

The high

value of the latter (3 . 7 to k.2 ) indicates a high degree of cooperativity among the F 6 -P binding sites under the conditions used.
The experimental conditions for Figure 11 were similar to
those in Figure 8 , except that ITP rather than ATP was the phosphate
donor.

It is noted that PFK displays regular Michaelis-Menten kinetics

under these noninhibltory conditions.

As derived from the corresponding

double reciprocal plots shown in Figure 12, NH 4

raised VmQx as in

Figure 8 , but did not lower the Km.
Figure 13 illustrates the effect of NH 4+ on the inhibition
of PFK by citrate.

It is clear from these data that although the

enzyme was markedly activated by this cation, it remained sensitive
to inhibition by citrate.
from 0.025 roM to 0-055 “M-

NH4+ did, however, raise the Ki for citrate
With ITP as phosphate donor, the activator

raised the Ki for citrate from O.O35 mM to 0.070 mM.

FIGURE T
Woolf plots for ascending phase of curves In Figure 6.
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FIGURE 8
Activity of PFK as a function of F 6 -P and NH 4C1 concentra
tions using ATP (0.5 mM) as phosphate donor.
(l ml) contained an appropriate amount of PFK.

Each reaction mixture
Other reactants and

conditions of assay were as described in Figure 1.
The V
and Km for F 6 -P were determined from Woolf plots
max
(Figure 9 ) °f the non-sigmoidal phase of the curves.

The Hill numbers

were calculated from Hill plots (Figure 10) of the sigmoidal phase of
the curves.
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FIGURE 9
Woolf plots for non-sigmoidal phase of curves In Figure 8.
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FIGURE 10
Hill plots for sigmoidal phase of curves In Figure 8.

28

I og

Specific Activity
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FIGURE 11
Activity of PFK as a function of F 6 -P and NH 4C1 concentrations
using ITP (0.3 mM) as phosphate donor.

Each reaction mixture (1 ml)

contained 1 mM MgCl2 and 0.23 M<8 PFK.

Other reactants and-conditions

of assay were as described in Figure 1.
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FIGURE 12
Lineweaver-Burk plots for the curves in Figure 11.
r

V
was
max

5 7 , 5 8 , 19, and 11 units/mg, while Km for F 6 -P was O.O6 5 , O.O6 7 ,

0.066, and 0.05 mM with 0.1*0, 0.10, 0.02, and 0 mM NH 4C1, respectively.
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FIGURE 13
Effect of NH4+ on the inhibition of PFK by citrate.

Each

reaction mixture (1 ml) contained 0 . 5 mM F6-P, ATP (0 .5 mM) as phos
phate donor, 1 mM MgCl2 , and an appropriate amount of PFK.

Other re

actants and conditions of assay were as described in Figure 1.
Ki for citrate was determined (as in Figure 3 ) to be 0.025
and O.O 55 11114 with 0 and 0.2 mM NH 4+ , respectively.
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Activating Efficiency of NH4 vs. K

Figure 14 provides a comparison between the activating effect

+

of NH4

+

and K

at an inhibitory conc. of ATP.

It is clear from this

graph that NH4+ ions are much more efficient than K+ ions in activating
PFK under these simulated physiological conditions.

The corresponding

Woolf plot for the NH4+ curve (Fig. I5 ) gave an apparent dissociation
constant (Kd) of 0.35

f°r the N H 4+-PFK complex.

This value lies

within the physiological range of NH 4+ conc. in several tissues as
indicated below.
The experimental conditions for Figures 16 and 17 were similar
to those of Figure 14 except that ITP was used as the phosphate donor.
As mentioned previously, excess ITP is non-inhibitory so that the ob
served activator cannot be deinhibition alone.

The apparent Kd for

the NH 4+-K+. complex in the presence of ITP (Fig. 16) was 0.08 mM, a
value lower than the apparent Kd when ATP was used as phosphate donor
(Fig. 14).

This shows that NH4+ is more tightly bound to the enzyme

in the presence of ITP than in the presence of ATP.

With K+ as acti

vator using ITP as the phosphate donor (Fig. 1?)> the apparent Kd for
the K -PFK complex was found to be 2.9 mM.

This value is 3-1/2 fold

higher than that of the NH 4 -PFK complex under the same experimental
conditions.

Moreover, when I introduced only 0.4 mM NH4+ into a reac-

tion mixture (as in Fig. 17) which already contained 20 mM K , the
specific activity was further increased from

to 53 units/mg.

These

4.
data provide additional evidence for the higher efficiency of NH4

over K

+

as activator of PFK.

FIGURE 14
Comparison of NH 4C1 and KCl as activators of PFK using an
inhibitory concentration of ATP.

Each reaction mixture (I ml) con

tained 0.1 mM F 6 -P and an appropriate amount of PFK.
and conditions of assay were as described in Figure 1.
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FIGURE 15
Woolf plot of NH a"*" curve in Figure 14.
^

V
and Kd for the
max

NH4+-PFK complex were 48 units/mg and O .5 3 mM, respectively.
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FIGURE 16
Activation of PFK by N H 4C1 using ITP as phosphate donor.
The corresponding Woolf plot is shown as an inset.

The reaction mix

ture (l ml) contained 0 . 5 mM F6-P, 1 mM MgCl2 , and an appropriate
amount of PFK.

Other reactants and conditions of assay were as de

scribed in Figure 1.

kl

50

-

H 40

vmax=50 units/ mg. PFK

>H

r-.036

o 30

>
F
o
<

.024
Z Z O

s

O
UJ
0.
(0

Kd = 0 08 mM
ITP =0 3 mM

012

[NH4] , mM
J______ I ..............J

JL

06
06
10
[NH4] , mM

12

1

1-4

1-6

1-8

FIGURE 17
Activation of PFK by KCl using ITP as phosphate donor.
corresponding Woolf plot is shown as an inset.

The

The reaction mixture

(1 ml) contained 0.5 mM F 6-P, 1 mM MgCl2 , and an appropriate amount of
PFK.

Other reactants and conditions of assay were as described in

Figure 1.

k3

VmQX - 49 units/mg. PFK

b. 2 0

SPECIFIC ACTIVITY

Kj

= 2.9 mM

ITP = 0 -3 mM

sts

Specificity of PFK for N H 4+

Several organic amines as well as certain metabolites with
quaternary ammonium groups failed, to exert any activating effect on PFK.
These nonactivators are listed in Table II.

Other nonactivating amino

compounds were glutamine, glucosamine, and asparagine.

This provides

evidence that the binding site for NH4+ on the enzyme is highly specific.

Rapidity of Binding of NH4+ by PFK

Figure 18 points out that NH4
on the enzyme quite rapidly.

manifests its activating effect

Full activation was obtained within the

few seconds necessary for mixing the solution in the test cuvette.

Thiol Group Reactivity of PFK in Presence of NH4+

Younathan, et jal. (I9 6 8 ), and Paetkau, et _al. (I9 6 8 ), have
shown that the reactivity of thiol groups of this enzyme with Ellman's
reagent is a sensitive index of conformational changes induced by its
modulators.

Similar findings were reported by several other workers

(Kemp and Forest, I9 6 8 ; Froede, et al., I9 6 8 ; Frenkel, I9 6 8 ).

I used

this approach in an effort to detect any changes elicited by NH4+ .

I

found, however, that NH4+ (up to 8 mM) brought about no significant
change in the reactivity of thiol groups of PFK.
depicted in Figure 1 9 .
NH4+ , about 2-1/2 to U

This experiment is

In the presence, as well as in the absence of
thiol equivalents (per protomer of

reacted very rapidly with Ellman's reagent at pH 8.0.
6-1/2 to 8 thiol equivalents reacted more slowly.

62,000 daltons)

The remaining

The latter could be

revealed by addition of sodium dodecyl sulfate (SDS).

Kemp (I9 6 9 ) also

TABLE II

Specifity of activation of PFK by nitrogenous compounds
Each reaction mixture (1 ml) contained 0.1 mM F 6 -P, 0.1 mM ATP, 1 mM
MgCl2 > 0.1 p,g PFK, and 10 mM nitrogenous

compound tested.

Other re-

actants and conditions of assay were as described in Figure 1.

k6

SPECIFICITY OF ACTIVATION OF PFK
BY NITROGENOUS COMPOUNDS
ACTIVATOR • AMMONIUM IONS.
NONACTIVATORS = MONOMETHYL AMINE, DIMETHYL
AMINE, TETRAMETHYL AMMONIUM IONS,
CARNITINE, CHOLINE AND ACETYL
CHOLINE.

FIGURE 18
Rapidity of binding NH 4+ by PFK.

The reaction mixture (l ml)

contained 0.1 mM F6-P, ATP as phosphate donor, and 0.18 p,g PFK.
reactants and conditions of assay were as described in Figure 1.
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FIGURE 19
Reactivity of thiol groups of PFK in presence of NH4C1.

Each

reaction mixture (1 ml) contained to mM glycylglycine (pH 7.4), 0.4 mM
EDTA, 0.18 mg PFK (reduced and dialyzed), and 0 . 5 mM DTNB.
indicated were 8 mM NH4C1 and a few milligrams of solid SDS.

Added where
Other re

actants and conditions of assay were as described in "Materials and
Methods".
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found that NH4* (12 niM) did not affect the thiol reactivity of PFK
which had been pre-incubated with I/O mM ATP.

Thus, it seems that the

effect of NH4+ on PFK is quite subtle.

Physiological Concentration of NH4+

As I indicated before (Fig. 15)» the apparent dissociation
-I-

constant of the NH4 -PFK complex in the presence of an inhibitory ATP
conc. is O .53 mM.

In order to ascertain whether this is a physio

logical concentration, I surveyed the literature.
the results of this survey.

Table III presents

It is evident from these data that the

apparent Kd for the NH4+-PFK complex is within the physiological range
of NH4

concentrations in several tissues.

It is worth noting also

that the conc. of NH4+ in active muscle (1.18 mM) was reported to be
higher than that in resting muscle (0.3^ mM).

Tornheim and Lowenstein

(1972 ) have proposed a "purine nucleotide cycle" to account for ammonia
production in working muscle.

TABLE III

Concentration of ammonia in some glycolytic tissues.
for the NH4+ -PFK complex was taken from Figure 1 5 .
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The Kd

CONCENTRATION OF AMMONIA IN
SOME GLYCOLYTIC TISSUES
TISSUE

AV. CONC. OF
AMMONIA, mM

REFERENCE

ERYTHROCYTES
(HUMAN)

0-24

SELIGSON AND
HIRAHARA, 1957

BRAIN (RAT)

0.23

RICHTER AND
DAWSON, 1948

LEG MUSCLE (RAT)
RESTING
ACTIVE

034
1.18

GEREZ AND
KIRSTEN, 1965

Kd FOR NH4-PFK
COMPLEX

0.33 mM

IV.

DISCUSSION

•f
The high specificity of the activation of PFK by NH 4 and
its action jjn vitro at concentrations comparable to those in several
tissues lead me to ascribe a physiological role for NH4+ in glycolysis.
Three systems are known to function in the fixation of ammonia in
mammalian systems.

These systems are presented in Table IV.

I noticed

that all of these reactions utilize products of either the glycolytic
pathway or of the citric acid cycle, namely, orketoglutarate> NADH,
ATP, and C02 , or all of these.

Thus it seems feasible that NH 4

ions

activate PFK in order to enhance the utilization of carbohydrates
which in turn produces the compounds essential for the fixation of
ammonia and the maintenance of its tissue concentrations at tolerable
levels.
Although the muscle enzyme is also activated by K+ , the above
data indicate the great disparity between the dissociation constants of
the two cations.

In addition, I found that ammonium ions activate PFK

■jeven in the presence of saturating concentrations of K , as prevails
under physiological conditions.

It would seem, therefore, that the

+
4*
NH 4 site on the enzyme is distinct from the K site.

Related findings

were reported for the yeast enzyme by Mavis and Stellwagen (1970 ), and
for the Clostridium pasteurianum enzyme by Uyeda and Kurooka (1970)-Moreover, Kloppick, et al..(1967 )» have shown that NH 4

stimulated

glycolysis in human erythrocytes, and the effect was attributed to PFK.
Their work indicates that NH 4

can stimulate this enzyme in an intact

cell endowed with its physiological conc. of K+ .
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TABLE IV

Systems for ammonia fixation in mammals.
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SYSTEMS FOR AMMONIA FIXATION
(1) GLUTAMIC ACID DEHYDROGENASE!
NH3+ H*+<»KETOGLUTARATE * NADH

L-GLUTAMATE * NAD** HgO

(2) GLUTAMINE SYNTHETASE»
NH3 * L-GLUTAMATE * A TP

» L-GLUTAMINE * ADP * P,

(3) CARBAMYL PHOSPHATE SYNTHETASENH3 * C0^*2ATP * HgO

y CARBAMYL PHOSPHATE * 2ADP * P,

'.U
•J*

The activation of PFK by NH 4

has been described as dein

hibition of ATP in the case of the yeast enzyme (Sols and Salas, 1966 ).
The data which I have presented here indicate that such activation is
not a mere deinhibition in the case of the muscle enzyme.

This is

evidenced by the fact that I observed activation using ITP, which is
a noninhibitory phosphate donor.

•j*
Although NH 4 increased the Ki of

ATP, the enzyme remained sensitive to this inhibitory phosphate donor.
I have observed a similar effect of NH 4+ on the sensitivity of PFK to
citrate.

The ability of a modulator to change the kinetic parameters

of an allosteric enzyme without completely reversing its sensitivity
to other modifiers is a significant concept in the regulation of
enzymatic activities.

This characteristic would allow the control of

an enzymatic activity by several modulators simultaneously, ^i.^e.,
"collective regulation".
The results which I have reported might also shed some light
on the Pasteur effect.

PFK has been implicated in the mechanism of

this effect by Passonneau and Lowry (I9 6 2 ).

Since NH4+ conc. has been

shown to rise in certain tissues during anoxia (Richter and Dawson,
19^+8; Gerez and Kirsten, I9 6 5 ), it is conceivable that the concomitant
stimulation of glycolysis could be attributed, at least in part, to
this rise in NH4+ level.

Undoubtedly, the levels of adenine nucleotides,

inorganic phosphate, and citrate play a role also.

Thus the Pasteur

effect seems to be the outcome of action by several effectors.
The mechanism of action of NH 4

on PFK remains unknown.

The

rapidity of activation of the enzyme by this cation, and the failure
of the rather sensitive method of thiol group reactivity to detect any
conformational change point to a subtle structural modification.

It

is possible that the effects brought about by NH4+ are the results of
minor changes in the orientation of functional groups at the active
site.

Recently, Storm and Koshland (1970) provided evidence for the

contention that allosteric effectors need to produce only minor changes
in the orientation of orbitals of reactive atoms in order to cause
large changes in the velocity of enzymatic reactions.

SECTION TWO:

The Kinetic

Mechanism of Phosphofructokinase
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I.

INTRODUCTION AND OBJECTIVES

Importance of the Kinetic Mechanism
A knowledge of the kinetic mechanism of PFK will serve as a
vital background for an Interpretation of the regulatory phenomena as
sociated with this enzyme.

If we can learn the sequence (if any) of

the arrival of substrates and departure of products, then we will be
in a better position to understand the complex interactions which take
place at the active site of the enzyme.

Mechanism of Kinases
Kinetic studies of the kinases have been reviewed by
Cleland (1967 ) and more recently by Morrison and Heyde (I9 7 2 ).

Of

those kinases studied, the large majority appears to have a sequential
mechanism, mostly of the random type.

Nucleoside diphosphokinase and

possibly arginine kinase have ping-pong mechanisms.

"Sequential" im

plies that all substrates must ligand the enzyme (either in a parti
cular order or randomly) before any products can leave the enzyme.
"Ping-pong" means that a product (or products) can leave before all
substrates have added.

Ping-Pong Mechanism for PFK
For PFK the mechanism is still unresolved.

With rabbit

skeletal muscle PFK, using ITP as phosphate donor, Uyeda (1970) re
ported initial velocity patterns which are consistent with a ping-pong
mechanism, i.e., parallel Lineweaver-Burk plots of initial velocity
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v s . conc. of one substrate at a series of fixed concentrations of the
other substrate.

The enzyme catalyzed exchange reactions of ATP with

ADP and of F6-P with FDP in the absence of F6-P and ATP, respectively.
Product inhibition studies also supported the ping-pong mechanism.
Furthermore, the enzyme catalyzed the formation of ADP by reaction
with ATP alone.

According to these findings the mechanism of PFK is

proposed as:
E + ATP st E* -ATP 5S E - P* -ADP st E - P + ADP
E - P + F6-P st E - P**F6-P st E •»FDP st E + FDP
Parallel initial velocity patterns were also obtained for
PFK from yeast (Vinuela, et: al., 1963 ) using GTP as phosphate donor,
from calf lens (Lou and Kinoshita, 1967 ), an<* from human skeletal
muscle and erythrocytes (Layzer, et al., 1969 ).

In the reverse direc

tion, with FDP and ADP as substrates, Lorenson and Mansour (I9 6 8 ) ob
served parallel double reciprocal plots with the sheep heart enzyme.

Sequential Mechanism for PFK
In contrast to the results cited above, intersecting
Lineweaver-Burk plots were observed by Lowry and Passonneau (I9 6 6 ) for
sheep brain PFK and by Hanson (I97 O) for the enzyme from rabbit
skeletal muscle.

The former investigators suggested a random sequen

tial mechanism, while the latter supported an ordered sequential mech
anism in which ATP is the first substrate to add to the enzyme and ADP
is the last product to leave:
E + ATP ^ E* *ATP
E--ATP + F6-P st E ‘*ATP**f6 -P ** E**ADP**FDP s± E**ADP + FDP
E*-ADP st E + ADP
Also supporting Hanson's (1970) conclusion thAt both substrates have to

be present simultaneously on the enzyme were his product Inhibition
studies and his failure to obtain isotope exchange between hexose phos
phates or adenine nucleotides.

Objective
My objective then, for this section, was to attempt to settle
the dispute over the mechanism of PFK, at least with regard to the
rabbit muscle enzyme.

In theory, my results should either support

Uyeda's (1970) work on the one hand, or Hanson's (I9 7 0 ) findings on the
other.

The study of Michaelis-Menten kinetics of PFK is complicated

by the previously mentioned phenomenon that the substrates and products
themselves are allosteric regulators.

Thus, in order to proceed with

mechanism studies, it was necessary for me to choose conditions under
which inhibition by excess ATP and cooperativity with respect to F 6 -P
were absent.

Such conditions include the use of pH 8.0, 1 mM NH4+ , and
|j
a fixed free magnesium conc. The fixed free Mg
is recommended by

Hanson (1970) in order to maintain a constant ratio of the free to
complexed forms of the phosphate substrates and products of the reac
tion.

Since Uyeda (1970) used exclusively ITP as the phosphate donor

(to more readily eliminate allosteric interference), I reasoned it
necessary, for comparison purposes, to use ITP as well as ATP in my
studies.

tl.

MATERIALS AND METHODS

Reagents and Assay

Preparation of the enzyme and all reagents used were the
same as in Section One.

The assay procedure was also basically the

same, except that an enzyme unit was defined as the amount of PFK
which catalyzed the conversion of 1 p,mole of F 6 -P to FDP per min at
pH 8.1 and 28°.
of NH 4

Each reaction mixture contained a fixed excess (1 mM)

and a fixed free Mg

activator where indicated.

conc. (2 mM).

AMP was also added as an

These optimal conditions were required in

order to abolish the allosteric behavior of the enzyme, thus making
possible an analysis based solely on Michaelis-Menten kinetics.

Data Processing
A computer program (Statistical Analysis System) in conjunc
tion with an X-Y plotter was used to generate Woolf as well as
Lineweaver-Burk plots from my data by the method of least squares.
Lines which are parallel when plotted using the double reciprocal,
Lineweaver-Burk method will intersect at the same point on the Y (S/v)
axis when plotted by the single reciprocal, Woolf method.
lines which intersect at the same point on the Y

(1/v)

Conversely,

axis when

plotted by the Lineweaver-Burk method will be parallel using the
Woolf method.

If the Lineweaver-Burk plots intersect at any point

other than the Y axis, then the corresponding Woolf plots will also
converge at a point other than the Y axis.
For clarity, I will show only the Woolf plots.

A ping-pong

mechanism would then be indicated by lines which intersect at a common
6b
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point on the S/V axis, .i.e., the lines will have the same Y intercept.
To allow for experimental error, the Y Intercepts will be considered
identical if the lowest of the Intercept values is no less than 90 $
of the highest intercept value.

A sequential mechanism, on the other

hand, would be characterized by parallel lines or lines which inter
sect at a point other than the S/V axis.

III.

RESULTS

Activity of PFK with ATP as Variable Substrate

Figure 20 shows the kinetics of PFK with varying ATP conc.
at three fixed F 6 -P levels.

It should be noted that, even under these

optimal conditions, inhibition by high ATP conc. is still apparent,
particularly at low F 6 -P levels.

Figure 21 presents the computer

generated Woolf plots of the data in Figure 20.

The slope, intercept

("cept"), and Km for each line is given on the graph.

These are the

apparent Km's for ATP calculated as the quotient of intercept/slope.
Although the lines appear to intersect at the S/V axis, an
examination of the actual intercept values shows that the lowest
intercept (0.11084) is only 81$ of the value of the highest intercept
(0.15674).

These three lines, therefore, fail to meet the criterion,

established under "Materials and Methods1.
1, for a common Intersection
on the S/V axis.

In fact, the lines do not have a common point of

intersection anywhere.

This anomalous behavior is unlikely to be

caused by experimental error; the high validity of each of the three
lines is indicated by its R-square value or "goodness of fit" equal to
0 . 9 9 where 1 .0 0 is perfect.

If the slopes of the three lines are plotted against the
corresponding reciprocal F 6 -P concentrations, the resulting straight
line will yield the real Km for F 6 -P at an infinitely high ATP conc.
This value was found to be 26 pH and agrees well with the 25-59
range found by Hanson (1970) under similar conditions.
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FIGURE 20
Activity of PFK as a function of ATP and F 6 -P concentrations.
Each reaction mixture (l ml) contained 1»0 mM sodium glycylglycine (pH
8.1), 2 mM MgCl2 , 1 mM NH 4C1, 3

dithiothreitol, and 0.16 p,g PFK.

Other reactants and conditions of assay were as described under
"Materials and Methods".
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FIGURE 21
Conputer generated Woolf plots for the ascending phase of the
curves in Figure 20.

S/V is ATP conc., mM/v, OD per min.

The F 6 -P and

Km (for ATP) concentrations shown are mM.
V
was 5 5 , Ql, and 108 units/mg with 0.02, 0.04, and 0.20 mM
max
1
F 6 -P, respectively.
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Kinetics of PFK with ITP as Variable Substrate
Figure 22 gives the activity of PFK with varying ITP conc.
at three fixed F6-P levels.

Figure 23 represents the corresponding

Woolf plots of the data in Figure 22.

The results here are similar

to those for Figure 21; jL.e., the lines intersect near the S/V axis
but not at any common point.

At the S/V axis the lowest intercept

(O.688 I5 ) is only 78 # of the highest intercept (0.53582 ).
each line had an R-square value of 0.99*

Again,

The real Km for F6-P at an

infinitely high ITP conc. (calculated as in Fig. 21) was 23 p,M.

This

is an order of magnitude smaller than the 200 pH value obtained by
Uyeda (197 0 ) using similar conditions.

Activity of PFK with F6-P as Variable Substrate
Figure 2k represents the kinetics of PFK using varying F6 -P
conc. at three fixed ATP levels.

Figure 25 gives the corresponding

Woolf plots for the curves in Figure 2k.

As before, the lines inter

sect near the S/V axis at non-common points.

The lowest intercept

(0 .0 ^3 8 2 ) at the S/V axis is a mere 29# of the highest intercept
(0.15241).

The R-square value for each line was 0.99*

The real Km

for ATP at an infinitely high F 6 -P level (calculated as in Fig. 21)
was 26 pH, which agrees well with the 19~27 pH range reported by
Hanson (I9 7 0 ) using similar conditions.
Figure 26 shows the activity of PFK with varying F6-P conc.
at three fixed levels of ITP.

Figure 27 gives the corresponding Woolf

plots of the data in Figure 26.

Again, the intersection of the lines

occurs near the S/V axis, but not at any common point.

The lowest

FIGURE 22
Activity of PFK as a function of ITP and F 6 -P concentrations.
Each reaction mixture (X ml) contained bO mM sodium glycylglycine
(pH 8.1), 2 mM MgCl2 , 1 mM NH 4C1, 3 mM dithiothreitol, and 0.16 jj,g PFK.
Other reactants and conditions of assay were as described under
"Materials and Methods".
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FIGURE 23
Computer generated Woolf plots of the curves In Figure 22.
S/V is ITP conc., mM/v, OD per min.

The F6-P and Km (for ITP) concen

trations shown are mM.
Vmax waS

ant*

un^t8/m8 with 0*03» 0.0 5 > an<* 0.20 mM

F6-P, respectively.
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FIGURE 2k
Activity of PFK as a function of F 6 -P and ATP concentrations.
Each reaction mixture (1 ml) contained IjO mM sodium glycylglycine
(pH 8.1), 2 mM MgCl2 , 1 mM NH 4Cl, 3 mM dithiothreitol, 0.2 mM AMP, and
0.16 p,g PFK.

Other reactants and conditions of assay were as described

under "Materials and Methods".
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FIGURE 25
Computer generated Woolf plots of the curves In Figure 2h.
S/V is F 6 -P conc., mM/v, OD per min.
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FIGURE 26
Activity of PFK as a function of F 6 -P and ITP concentrations.
Each reaction mixture (1 ml) contained 1*0 mM sodium glycylglycine
(pH 8.1), 2 mM MgCl2 , 1 mM NH 4C 1 , 3 mM dithiothreitol, and 0.16
PFK.

Other reactants and conditions of assay were as described under

"Material and Methods’.'.
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FIGURE 27
Computer generated Woolf plots of the curves in Figure 26.
S/V is F6-P conc., mM/v, OD per min.

The ITP and Km (for F6-P) con

centrations shown are mM.
Vmax was 50> 6 5 , and 98 units/mg with 0.03, 0.10, and O.3O mM
ITP, respectively.
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intercept at the S/V axis (O.I5O 56 ) is just 69 $ of the highest inter
cept (0 .22012 ).

All lines have an R-square of 0.99*

The real Km for

ITP at an infinitely high Fb-P level (calculated as in Fig. L'l) was
0.1 mM.

This value is an order of magnitude lower than the 1.0 mM

value obtained by Uyeda (1970) using similar conditions.
It should be pointed out that the intercept values given here
are significant to only three decimal places.

They were calculated to

five decimal places purely as a convenience in the computer program.

IV.

DISCUSSION

The Woolf plots shown in the results are neither parallel
nor do they intersect at a common point.

Thus, my work does not con

firm either a ping-pong or a sequential mechanism for rabbit muscle
PFK.

However, my data do

as the R-square value

appear to be experimentally valid inasmuch

for every Woolf plot was 0.99 or better.

Furthermore, the real Km value for either ATP or F 6 -P, with the other
substrate at an infinitely high conc., agrees well with the values
found by Hanson (1970).

The reason that the kinetic pattern itself

failed to correspond to the sequential mechanism obtained by Hanson
(1970) is probably due to the differences in our assay procedures.

By

using a large light path cuvet (1 0 cm) he was able to increase the sen
sitivity of the assay and consequently to reduce the substrate conc.
range to 2.5-10 |j,M and the enzyme conc. to 2.6 x 10" 9 g/ml.

The sub

strate conc. range which I had to use with a conventional cell (1 cm
light path) was IO-3 OO |jlM with ATP as phosphate donor or 10-i|00 p,M with
ITP as phosphate donor. The PFK conc. required in my studies was 1,6 x 10" 7
g/ml, a value more than 60 times that used by Hanson (I9 7 0 ).

Signifi

cantly, the latter worker reported that his Lineweaver-Burk plots were
clearly intersecting only at the low substrate conc. range of 2 .5-10 |iM.
In fact, when he raised the substrate conc. range to 10-5 0 p,M, his
plots became nearly parallel.

Similarly, when my data is plotted by

the Lineweaver-Burk method, the lines appear more parallel than con
vergent.

This corresponds to the previous observation that my Woolf
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plots all converge near the S/V axis, albeit not at a common point.
The cause of this shift In plot patterns with a change In substrate
conc. Is uncertain.

Undoubtedly, there Is a change In

the ratio of

the velocity constants as the substrate concentrations are varied.
Since Uyeda (1970) used only the higher substrate conc.
range (as In my studies), It Is not surprising that he too obtained
Lineweaver-Burk plots which appear to be parallel, thus Indicating a
ping-pong mechanism.

Although his exchange studies also were claimed

to support a ping-pong mechanism, the very small exchange rate (1$ of
the forward reaction rate) makes It of questionable physiological
significance.

Interestingly enough, In another, more recent paper,

Uyeda (1973) gives support to a sequential mechanism based upon pulsed
magnetic resonance studies of PFK.

In conclusion, while I have not settled the mechanism dispute,
my results support those of Hanson (1970) at higher substrate levels.
Further kinetic studies at the lower substrate concentrations are re
quired to substantiate a sequential mechanism for PFK.

The highly

sensitive technique of fluorescence would be Ideal for this purpose.
Product Inhibition studies using both ATP and ITP as phosphate donors
must be performed under the same conditions.

Of course, these kinetic

studies must be complemented by additional Isotope exchange, pulse
labelling, and pulsed magnetic resonance studies performed under care
fully controlled, analogous conditions.

Finally, it is pointless to

attempt to determine whether the mechanism is ordered or random before
it is known whether it Is sequential or ping-pong.

SECTION THREE:

Response of

Phosphofructokinase to Heat
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I.

INTRODUCTION AND OBJECTIVES

General Effects of Temperature
The effect of temperature on the velocity of enzymatic reac
tions may be due to a variety of different factors.

Looking again at

the equation presented in Section One:

E + S

(ES) -k-5~>

E +

P

k-,
we can say that temperature may alter:
(1) the stability of the enzyme (e )
(2 ) the enzyme-substrate affinity, k Aand k?
(3 ) the rate of breakdown of the enzyme-substrate complex, k3 , as
determined by the heat of activation of the reaction
(k) the pH functions of any or all of the components, due to change

in their pK's
(5 ) the affinity of the enzyme for activators or inhibitors.
Effects due to (l) can be studied by incubating the enzyme at various
temperatures for a definite period prior to measuring its activity at
a temperature at which it is known to be stable.

Effects resulting from

(2) , (3 ) , and (If) may be determined by a comparison of V

and Km

IH c lX

values.

Effects due to (5 ) can be eliminated by using a conc. of sub

strate or activator sufficient to saturate the enzyme.

Effect of Temperature on PFK
Since rabbit muscle PFK is known to be stable up to at least
30° C (the extraction procedure itself subjects the enzyme to
I was not interested in (1).

C),

In order to ensure that observed effects
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are due to temperature change and not to pH variation as cited in (1*),
the buffer for each separate temperature study must be prepared at the
temperature used for the assay.

Furthermore, to eliminate activators

as a variable as mentioned in (5 ), I used a fixed excess of NH4+ .
Thus I was primarily interested in (2) and (3 ) as well as the effect
of temperature bn the allosterlc properties of PFK, l^.e., the cooperativity with respect to F 6 -P and the inhibition by excess ATP.
To date there have been no other temperature studies reported
on mammalian PFK.

Yoshida (1972) has worked with PFK from an extremely

thermostable bacterium (Flavobacterlum thermophilum) for which the
maximum growth temperature is 85 ° C.

This enzyme has maximum activity

at 75 ° C but does not display allosterlc kinetics at any temperature
unless the inhibitor, phosphoenolpyruvate, is present.

Kono and

Uyeda (1971) have reported a cold labile PFK Isolated from chicken
liver.

These latter workers show evidence for a reversible dissocia

tion of polymeric PFK to monomeric PFK at reduced temperatures (e.g.

8° c).

They did not investigate the allosterlc properties of their enzyme.

Effect of Temperature on Other Kinases
Among other kinases, the temperature studies of pyruvate kinase
(PK) appear to be the best documented.

Somero and Hochachka (I9 6 8 ) have

worked with this enzyme taken from the muscle of two species of fish
and also from rat muscle.
PK, feedforward

They found that two regulatory functions of

activation by FDP and feedback

are temperature independent.

activation by ATP,

Furthermore, the Arrhenius plot for this

enzyme gave broken lines with a lower activation energy near the

organisms' body temperatures.

Similar breaks In the linearity of

Arrhenius plots have been reported for rabbit muscle PK (Kayne and
Suelter, I9 6 8 ).

II.

MATERIALS AND METHODS

Since rabbit muscle PFK is very pH sensitive, it was neces
sary. to adjust the pH of the sodium glycylglycine buffer to 7.2 at the
temperature of assay.
buffer.

Thus each temperature study required its own

To enhance the stability of PFK and to ensure reproducibility
■j*

of the assay, NH 4

was routinely added at the fixed excess of O.ij mM.

Except for the other minor variations, cited in the legends to the
figures, all reagents and conditions were the same as in "Materials
and Methods" under Section One.
For the temperature studies an enzyme unit was defined as the
amount of PFK which catalyzed the conversion of 1 |i,mole of F 6 -P per min.
at pH 7*2 and the indicated temperature.

The temperature of the cell

chamber- was maintained by means of a circulating water bath.
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III.

RESULTS

Kinetics oi PFK as a Function of ATP at Six Temperatures
Figure 28 shows the effect of ATP on the activity of PFK at
six different temperatures from 10-^0° C.

From the corresponding

Woolf plots (Fig. 2 9 ) of the ascending phase of the curves, it is seen
that heat dramatically increased the V
but had an inconsistent efJ
max
feet on Km for ATP.

With the exception of the Km at 30°, the Km exper

ienced an overall increase as temperature was raised.
discussed below along with Figures 3 I and 32.

This will be

It may also be seen

from Figures 28 and 29 that PFK retains its sensitivity to inhibition
by excess ATP at all temperatures tested.

Of additional interest is

the observation that Ki for ATP reaches a maximum at either temperature
extreme.

This would mean that ATP is able to exert its fullest inhibi

tory effect near the physiological temperature of the organism.

The Arrhenius Plot
As mentioned in the introduction, pyruvate kinase from two
species of fish as well as from rat and rabbit have been reported to
exhibit multiphasic Arrhenius plots. At temperatures near these organ
isms' body temperatures, the activation energies (Ea) were lower than
at temperatures removed from that of their bodies. Thus, pyruvate kinase
appeared to be more catalytically efficient under simulated physiological
conditions.

My original temperature studies with rabbit muscle PFK in

dicated that the Arrhenius plot with respect to ATP was biphasic (Abrahams
and Younathan, I9 7 0 ).

In subsequent, more detailed investigations,

however, I determined that the Arrhenius plot was in fact monophasic.
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FIGURE 28
Activity of PFK as a function of ATP at six different
temperatures.

Each reaction mixture (1 ml) contained 0.1 mM F6 -P,

O.h mM NH 4C1, U.5 mM dithiothreitol, and 0.10 p,g PFK.
and conditions of assay were as described in Figure 1.

93

Other reactants

0.175
0.150
0.125

c 0.100
d

S 0.075

[ATP] , mM

FIGURE 29
Woolf plots for the ascending phase of the curves In Figure
28.

V
was 3 3 , 47, 62, 9 8 , 134, and 162 units/mg, while Km for ATP
max

was.0.027 , 0.025 , 0.029 , 0.023, O.O3 I, and O.O39 mM, and Ki for ATP was
0.075, O.O 6 5 , 0.060, 0.071, 0.070, and 0.072 mM at 10, 1 5 , 20 , 30, 3 5 ,
and I4O degrees, respectively.

The Ki for ATP as inhibitor was determined

as in Figure 6 .
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The Arrhenius plot for the data in Figure 29 is shown in Figure 3 0 .
The straight line shown (as well as the lines in Figure JO) was
calculated from the method of least squares and had an R-square value
of 0.99mole.

The Ea determined from the slope of this line was 9.2 kcal/

It would appear that PFK maintains the same catalytic efficiency

throughout a wide temperature range.

Kinetics of PFK as a Function of ATP at Seven Temperatures
Since only the ascending phase of the curves in Figure 28
are used to determine Vmax and consequently the Arrhenius plot, it
was desirable to perform a second experiment using exclusively noninhibitory concentrations of ATP.

This would permit a maximum number

of data points to be included in the Woolf plots and would also allow
for the inclusion of an additional temperature, namely 25° C.

The

results of such a study at seven different temperatures are provided
in Figure 31*

The corresponding Woolf plots given in Figure 32 indi

cate that, as in Figure 29, heat greatly increases the Vmax with respect
to ATP.

Again, the Km is seen to generally increase with increasing

temperature.

If these Km values are averaged with those from Figure 29,

we obtain 22, 2k, 28, 27, 27, 3 6 , and 38 mM at 10, I5 , 20, 2 5 , 3 0 , 35,
and 1)0 degrees, respectively.

This elevation in Km is probably a re

sult of the large concomitant increase in V
as discussed under
max
"Results" in Section One.

The Arrhenius plot for the data from Figure

32 is shown in Figure 35*

The straight line had an R-square value of

O.9 8 .

The Ea calculated from the slope of this line is 11.3 kcal/mole,

a value 23 $ higher than that obtained from Figure 3 0 .

FIGURE 30
Arrhenius plot for PFK using the V
calculated at each
max
temperature in Figure 2 9 .
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FIGURE 31
Activity of PFK as a function of ATP at seven different
temperatures.

Each reaction mixture (l ml) contained 0.1 mM F 6 -P,

0.4 mM NH 4CI, and 0.10 (xg PFK.

Other reactants and conditions of

assay were as described in Figure 1.
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FIGURE 32
Woolf plot of the curves in Figure 3 I.

Vmax was 26, 1*0, 6 6 ,

8 5 , 109, I5 9 , and 172 units/mg, while Km for ATP was 0.017, 0.022,

0.027, 0.027, 0.030, O.Oto, and O.O36 at 10, 15, 20, 2 5 , 3 0 , 35, and
1<0 degrees, respectively.
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FIGURE 55
Arrhenius plot for PFK using the V

max

temperature in Figure 52.
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Figure Jk demonstrates that PFK retains its cooperativity
with respect to F 6 -P as the temperature is varied from 10 to JjO°.
Heat raised the V

opt

and had little effect on the Km for F6 -P.

FIGURE 3b
Activity of PFK as a function of F6 -P at four different
temperatures.

Each reaction mixture (1 ml) contained 0 . 5 mM ATP, 1 mM

MgCl2 , 0.4 mM NH 4CI, and 0.10 p,g PFK.

Other reactants and conditions

of assay were as described in Figure 1.
VQpt was 2 9 , 54, 8 8 , and 160 units/mg, while apparent Km
for F 6 -P was 0.22, 0.20, 0.22, and 0.26 mM at 10, 20, 3 0 , and 40
degrees, respectively.

Apparent Km for F 6 -P was determined as in

Figure 3 .
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IV.

DISCUSSION

The strong activation of PFK by heat is evidenced by a 5-6
fold increase in V
for both F 6 -P and ATP as the assay temperature
max
is elevated from 10 to **0°.

Since the Km's for the substrates are not

decreased with an increase in temperature, we can ascribe the observed
rate enhancement to be largely a result of an increase in the rate of
breakdown of the (ES) complex, JL.je. , k 3 in the basic equation (see
"Introduction" of this Section).
In general, it is recognized that hydrogen bonding is favored
by low temperature, whereas hydrophobic bonding is enhanced by high
temperature.

Thus, it may be reasoned that hydrophobic bonding plays

a major role in the maintenance of the most active conformation of
PFK.

However, any conformational change brought about by variation in

temperature would appear to be a subtle one in view of the fact that
the enzyme is able to retain its allosteric properties at all tempera
tures tested.
The average activation energy which I obtained for PFK from
the monophasic Arrhenius plots was 10.2 kcal/mole.

This value happens

to coincide with the Ea value of 10 kcal/mole obtained for both fish
and rat muscle pyruvate kinase at the body temperatures of these latter
organisms (Somero and Hochachka, I9 6 8 ).

My finding that the Arrhenius

plot for rabbit muscle PFK is monophasic rather than biphasic indi
cates that this enzyme maintains the same degree of catalytic effi
ciency over a wide temperature range.

This phenomenon also points up

the subtlety of any conformational change which could result from the
strengthening of hydrophobic bonds with heat.

109

Furthermore, using ORD

and CD, Igou (1973) has demonstrated that rabbit muscle PFK (in the
presence of either substrate) loses only a small percentage of Its
cv-hellcal content as temperature Is raised from 10 to 1+0 degrees.

SECTION FOUR:

Specificity of

Trinitrobenzene Sulfonate and its Reaction with Fhosphofructokinase

ill

I.

INTRODUCTION AND OBJECTIVES

Functional Groups of PFK
Chemical modification of PFK has firmly established the im
portance of thiol and histidine groups in the catalytic activity and
allosterlc control of the enzyme (Younathan, et al., I9 6 8 ; Froede, et
al., I9 6 8 ; Kemp, I9 6 9 ).

In I9 6 9 , Uyeda reported on the reaction of

three lysine reagents with rabbit muscle PFK.

These reagents, maleic

anhydride, succinic anhydride, and pyridoxal 5 '-phosphate (PLP), all
inactivated the enzyme.

F 6 -P, FDP, and AMP protected against inactiva

tion by the latter two reagents, while Mg-ATP did not.

The maleylation

and succinylation led to the dissociation of PFK to protein derivatives
with a molecular weight of approximately 80,000.

The reaction with

PLP resulted in the formation of a Shiff base and revealed the exis
tence of three types of amino groups which differed in their reacti
vity toward the reagent.

Relatively low concentrations of PLP appeared

to release inhibition by ATP.

Higher PLP levels dissociated the

enzyme from a 28 S to a 7 S protein.

Reactivity of Lysine in PFK
I became interested in furthering Uyeda's above studies par
ticularly by investigating more deeply the alteration of the allosterlc
properties of PFK as its lysine groups were modified.

The results of

such work, combined with other structural studies, might lead to the
identification of those specific lysine groups which play a role in the
catalytic and regulatory mechanism of PFK.
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The three reagents used above, however, all have serious
limitations in their application.

Although the relative degree of

succinylation or maleylation may be determined from the resulting loss
of enzymatic activity, there is no convenient method for directly and
quantitatively following the modification of the enzyme during these
reactions.

Moreover, it has not been shown conclusively that maleic

and succinic anhydride react specifically with lysine residues of PFK.
The possibility exists that these anhydrides may react with thiol and
O-tyrosyl groups (Riordan and Vallee, 1964) of the enzyme in addition
to e-amino groups of lysine.

Modification of the enzyme by PLP may be

directly measured from the characteristic spectrum of the Schiff base
formed in the reaction (Jenkins and Singer, 1957)-

Furthermore, the

spectrum of the reduced product of the Schiff base shows an absorption
maximum at 322 nm which agrees with that of 5 /-phosphopyridoxal
enzyme (Fischer, et al., I9 6 2 ). Although modification by PLP may be
thus quantitated, the rate of reaction cannot be followed continuously
since the Shiff base appears to be unstable prior to reduction.

Chemical Modification by TNBS
Therefore, for my studies, it was desirable to use a lysine
modifier which would have advantages over those discussed above.

An

excellent choice appeared to be 2 ,4,6 -trinitrobenzene 1-sulfonic acid
(TNBS).

As first described by Okuyama and Satake (i9 6 0 ) and Satake,

et. al,. (i9 6 0 ), TNBS was thought to react exclusively with primary amino
groups of amino acids or peptides in aqueous solution at pH 7-5 to 8.5These workers reported that the resulting TNP-amino acid or TNP-peptide
had a high molar extinction coefficient (<"' 10 4) at 340 nm, and that the

Hit
reaction progress could be followed continuously and quantitatively as
the absorbance increased at this wavelength.
Subsequently, Kotaki, et al. (1964), reported that the TNBS
reaction was not specific for free amino groups, but that thiol groups
could be blocked as well.

These workers concluded, however, that TNBS

will combine preferentially with the amino group

as long as there are

enough aminos present to consume all of the TNBS reagent.Moreover,
they showed evidence for an extreme lability of the S-TNP product at
pH 7-8 and suggested the possibility of an intramolecular transfer of
the TNP moiety from the thiol to the amino group

in this pH range.

The next few years saw TNBS gain in popularity
group specific reagent.

as an amino

Habeeb (1966 ) studied the reaction of this

reagent with bovine serum albumin, ovalbumin, human y-globulin, and
lactalysate.

The modification of glycine, glycine peptides, <?-

acetyllysine, and human serum albumin by TNBS was investigated by
Goldfarb (1966 ).

Haynes, et al. (1967)> used TNBS to modify the amino

groups of inhibitors of trypsin and chymotrypsin.

The role of lysyl

residues in the structure and reactivity of cytochrome b 5 reductase
was studied with the use of TNBS by Loverde and Strittmatter (I9 6 8 ).
Modification of glutamate dehydrogenase by TNBS was reported by Freed
man and Radda (I9 6 9 ).

These represent only a few of the studies.

Reaction of TNBS with PFK
In 1970, I presented the results of a preliminary investigation
in which I reacted TNBS with rabbit muscle PFK (Abrahams and Younathan,
1970 )* I reported that 29 (later revised to 2 2 .5 ) amino equivalents reacted

per 62,000 M.W. protomer within 18 hrs. and produced a derivative with
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absorption maxima at 419 nm and 345 nm.

Amino acid analysis of un

treated PFK revealed JO lysyl residues per protomer.

Furthermore, the

reaction resulted in 58 $, 89 $, and 95$ inhibition of PFK activity with
4, 9 , and 14 amino equivalents modified after 1 5 , 6 0 , and 120 min.
At this juncture, before proceeding with a more detailed
Investigation, I decided that it was necessary to establish that TNBS
was, indeed, specific for the e-amino of lysine in PFK.

Such a deter

mination was particularly important since, as seen in Section One, PFK
contains 1 1 -1 2 thiols (per 6 2 ,0 0 0 M.W. protomer), some of which may
react very rapidly with TNBS.

A thorough review of the literature in

late 1970 revealed that, of the many studies utilizing TNBS over the
past 10 years, only one reported an independent verification of TNBS
specificity for the particular system studied.

All of the other

workers relied completely on Kotaki, et _al. (1964, see above), who
studied only amino acids and simple peptides.

The single study which

did attempt to verify the specificity of TNBS was that of Freedman and
Radda (I9 6 9 ) cited above.

These latter investigators determined the

thiol content of samples of glutamate dehydrogenase (GDH), which had
been pre-treated with TNBS, by polarographic titration using phenylmercuric acetate.

Their results indicated that there was no signifi

cant loss of thiol groups for those samples which had been pre-treated
with TNBS compared to a control which had not been pre-treated.

The

authors point out, however, that the thiol groups of GDH are known to
have a relatively low reactivity (Hellerman, et <al., 1958* Colman and
Frleden, 1966 ).

Thus, it still cannot be concluded that TNBS will be

specific for amino groups in other proteins.
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Objectives
Since even the conclusions of Kotakl, et al, (196 ^), cited
above, seemed somewhat ambiguous to me, I thought it desirable first
to repeat and expand the essential portion of this worker's study.

I

shall present a comparison of the reaction of TNBS with reduced
glutathione vs. oxidized glutathione.

The former tripeptide, y-L-

glutamyl-L-cysteinylglycine, contains both an amino and a thiol group,
while the latter has only amino groups.

1 shall then show the effect

of TNBS modification on the activity of PFK and will discuss this in
terms of TNBS specificity.

It should be noted that the only free amino

groups of rabbit muscle PFK are the e-aminos of lysine.

Kuo and

Younathan (1973) showed that the N-terminal aminos of the native
enzyme are acetylated.

II.

MATERIALS AMD METHODS

Determination of Thiol Content by pCMB
p-Chloromercuribenzoic acid (pCMB) was obtained as the sodium
salt from Mann Research Labs.

This salt was dissolved in water by

slowly adjusting the solution to pH 9*0 with KOH.
was stored frozen when not in use.

The pCMB solution

The conc. was verified prior to

use by diluting an appropriate quantity in phosphate buffer (as above)
and assuming a molar extinction coefficient (em) of 1 .7 x 1 0 4 at 232 nm.
This em, as well as the procedure for determination of thiol groups by
titration with pCMB was taken from Boyer (195*0 •

The titration was

considered complete when further additions of pCMB solution to both
blank and sample cells produced no further change in absorbance at
250 nm.

The thiol conc. of the sample was calculated from the volume

and conc. of the pCMB solution required to complete the titration.
Thiol conc. values derived in this way generally agreed with values ob
tained

by using the absorbance of the completely titrated sample (at

25O nm) and an em of J .6 x 103 (Boyer, 195*0*

The pCMB studies were

performed at 28° in a Cary model 14 recording spectrophotometer.

Other

details are described under "Results".

TNBS Reaction
Trinitrobenzene sulfonic acid (TNBS, picryl sulfonic acid)
was purchased as the sodium salt from Aldrich Chemical Company.

The

salt was dissolved in 0.1 M KHsP0 4 buffer (pH 8.0) and stored frozen
when not in use.

Following the addition of TNBS to both blank and
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sample (see "Results"), the cells were scanned at 28° from 300 to 600 nm
In the Cary H 4 at the Indicated time Intervals.

Each scan required 2-1/2

mln.

Other Reagents
2-Mercaptoethanol and reduced glutathione were obtained from
Eastman Organic Chemicals.

The latter compound was dissolved in water

and was stable for one week if tightly stoppered and stored frozen.
The conc. of the reduced glutathione solution was verified prior to
use by means of Ellmann's reagent as described in Section One.

Glycine

and oxidized glutathione were products, of Sigma Chemical Company.

PFK Assay
PFK was prepared as in Section One and assayed under optimal
conditions (see "Results").

An enzyme unit was defined as the amount

of PFK which catalyzed the conversion of 1 nmole of F6-P to FDP per
min. at pH 8.0 and 28°.

PFK which had been modified by reaction with

TNBS was "quenched" prior to assay as described in "Results".

IV.

RESULTS

Reaction of TNBS with Mercaptoethanol or Glycine
Figure 35 presents a comparison of the absorption spectra
which result from the reaction of TNBS with either mercaptoethanol or
glycine over a period of time.

Two major differences between these

sets of spectra are immediately apparent.

First, mercaptoethanol re

acted much more rapidly with TNBS than did glycine.

After 30 min. the

former had reacted to a ten-fold greater extent (at 35 O nm) than the
latter.

Although not Indicated in the figure, the reaction with

mercaptoethanol was complete within 1 hr., while the reaction with
glycine required over 6 hrs.

The em of the former at 355 nm was

1 .3 x 10 4, and the em of the latter at 350 nm was 1 .1 x 104.

The second important observation to be made from Figure 35
is that the spectrum of glycine shows two peaks (at 3 4 0 -3 50 nm and
420 nm), while the spectrum of mercaptoethanol displays only one peak
(at 33 O -3 3 3 nm).
(I9 6 6 ).

The first to report this phenomenon was Goldfarb

He attributed the appearance of the second peak at 420 nm to

the formation of a complex between the TNP-amino group and the sulfite
which is also produced during the reaction.

It is assumed that the

420 nm peak does not appear in the case of mercaptoethanol because
sulfite does not complex with the TNP-thiol group. Coffee, et al. (I9 7 I),
have since added support to this theory, and recently Means, et al.
(1972), have proposed a structure for the TNP-amino-sulfite complex.
I will take advantage of these spectral differences when I Interpret
the TNBS-glutathione studies below.
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FIGURE 35
Absorption spectrum of TNBS + mercaptoethanol or TNBS +
glycine as a function of time.

Each reaction mixture (1 ml) contained

0.1 M KHy?0 4 (pH 8.0), 0.4 mM TNBS, and 0.2 mM mercaptoethanol or
glycine.

Other reactants and conditions of assay were as described

under "Materials and Methods".
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Reaction of TNBS with Glutathione
As stated In the Introduction, Kotaki, et al. (1964), reported
that In the presence of both amino and thiol groups TNBS would be
specific for amino groups as long as there were sufficient amino groups
available to consume all of the TNBS.

I designed the experimental con

ditions for Figure 36 in order to thus insure a molar excess (two-fold)
of aminos over TNBS.

It Is observed from this figure that reduced

glutathione reacts much more quickly than oxidized glutathione.

That

this is due to the extreme reactivity of the thiols present in the former
compound is evidenced by the fact that

the TNBS-reduced glutathione curve

displays no 420 nm peak until after 2 hrs.

This indicates that the

TNBS

reacted exclusively with thiol groups for the first 2 hrs. and then
began to react with amino groups as well.

By the end of 48 hrs. both

reduced and oxidized glutathione had reacted to nearly the same extent.
The experimental conditions for Figure 37 are the same as for
Figure 3 6 , except that the conc. of glutathione was lowered such that
the molarity of amino groups was equal to TNBS.

Again, the reduced

glutathione is seen to react much more quickly than oxidized glutathione,
and no 420 nm peak is observed with TNBS-reduced glutathione until after
2 hrs.

As In Figure 3 6 , it may be concluded that TNBS reacted only with

the thiols of reduced glutathione for the first 2 hrs.

It is not under

stood why the absorbance of TNBS-oxldized glutathione is greater than
that of TNBS-reduced glutathione after
The conditions for Figure 38

the elapse of 22 hrs.
are similar to those for

Fig

ures 36 and 37 except that the ratio of TNBS to glutathione was ad
justed so that TNBS was in a four-fold molar excess over amino groups.
Once again, reduced glutathione is seen to react with TNBS more quickly

FIGURE 36
Absorption spectrum of TNBS + either reduced or oxidized
glutathione as a function of time.

Each reaction mixture (1 ml) con

tained 0.1 M KH 2 P0 4 (pH 8.0), 0.2 mM TNBS, and either 0.4 mM reduced
or 0.2 mM oxidized glutathione (= 0.4 mM in aminos).

Other reactants

and conditions of assay were as described under "Materials and Methods".

123

20 mia

0.5

50 min.

^ r r Oxidized

2.0 hr.

7.0 hr.

22.0 hr.

48.0 hr.

1.0 -

Absorbance

0.5

1.0

0.5

300

400

500

600 300

Wavelength

12k

400

nm.

500

600

FIGURE 37
Absorption spectrum of TNBS + either reduced or oxidized
glutathione as a function of time.

Each reaction mixture (1 ml) con

tained 0.1 M KH 2 PO 4 (pH 8.0), 0.2 mM TNBS, and either 0.2 mM reduced
or 0.1 mM oxidized glutathione (= 0.2 mM in aminos).

Other reactants

and conditions of assay were as described under "Materials and Methods".
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FIGURE 58
Absorption spectrum of TNBS + either reduced or oxidized
glutathione as a function of time.

Each reaction mixture (1 ml) con

tained 0.1 M KH2P04 (pH 8.0), 0.4 mM TNBS, and either 0.10 mM reduced
or 0.05 mM oxidized glutathione (= 0.10 mM in aminos).

Other reactants

and conditions of assay were as described under "Materials and Methods".
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than does oxidized glutathione.

The 420 nm peak of TNBS-reduced

glutathione appears sooner, however, than In Figures 36 and 37*

That

this peak appears after only 50 min. Is, no doubt, due to the large
excess of TNBS which Is available to react with both thiol and amino
groups.

The results shown In Figures 3 6 , 37, and 38 indicate that, re

gardless of the TNBS to amino ratio, TNBS is specific for thiol groups
when both amino and thiol groups are present, em at 355 11111 f°r reduced
and oxidized glutathione was estimated to be I .3 x 104 and 1.0 x 104,
respectively.

There was no evidence for a TNP-thiol to amino shift.

It may be noticed in each of the above three studies that
reduced glutathione had twice as many available reactive groups
(NH2 + SH) as did oxidized glutathione (NH2 only).

This was the out

come of maintaining an equal amino conc. between the two forms of
glutathione.

In order to show that the higher reactivity demonstrated

by reduced glutathione was not due to this conc. factor, I performed
the experiment presented in Figure 3 9 .

The dashed and dotted lines

represent, respectively, the TNBS reaction with reduced and oxidized
glutathione previously shown in Figure 3 8 .

The solid lines represent

reduced glutathione at one-half the conc. of the dashed line.

These

latter two sets of lines represent, therefore, a comparison of reac
tions in which the number of reactive groups was held constant.

It

is readily apparent that (at least up to 50 min.) reduced glutathione
is still more reactive than oxidized glutathione.

Thiol Determination of Glutathione Before and After Reaction with TNBS
The results of the above spectral studies do not provide
absolute proof for the specificity of TNBS.

Thus, I thought it wise to

FIGURE 59
Absorption spectrum of TNBS + either reduced or oxidized
glutathione as a function of time.

Each reaction mixture (1 ml) con

tained 0.1 M KH2P04 (pH 8.0), and as indicated either 0.J+ mM TNBS with
glutathione (reduced or oxidized = 0.10 mM in aminos) or 0.2 mM TNBS
with 0.05 mM reduced glutathione.

Other reactants and conditions of

assay were as described under "Materials and Methods".
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design an experiment In which the thiol content of a sample of reduced
glutathione could be quantitatively determined both before and after
Its reaction with TNBS.

An Ideal reagent for such a thiol determina

tion Is p-chloromercuribenzoate (pCMB) which yields a thio-product
absorbing at 250 nm.

This wavelength is sufficiently removed from the

31*0 -3 5 5 nm peak produced by the TNBS reaction.

Table V presents the results of this study.

At pH 8.0,

depending on the TNBS to glutathione ratio, reduced glutathione Is seen
to lose from 20 to 60$ of its thiol content 2 hrs. after TNBS addition
when compared to a control which had not been treated with TNBS.

In

order to prevent air oxidation of glutathione while standing over the
2-hr. period, the experiment was repeated at pH 7*0.

This had the

desired effect for, as may be seen, the control lost no thiols over
the period of the experiment.

The loss of thiols in the TNBS treated

samples at pH 7.0 was comparable to that lost at pH 8.0 except that
there was an unexplainably larger thiol loss at pH 7.0 for the sample
containing a two-fold excess of glutathione over TNBS.

This study pro

vides further evidence for the high selectivity of TNBS for thiol groups.
The experimental conditions for Table V are as follows.

The

reaction mixture (1 ml) for determination of thiol content prior to
reaction with TNBS contained 0.1 M KH2P04 (pH 7.0 or 8.0) and 0.21 mM
reduced glutathione.
using 3 |il increments.

This mixture was then titrated with 1.2 mM pCMB
A blank containing everything except gluta

thione was titrated at the same time.

Thiol content determined in this

way agreed with that obtained by the method of Ellman (see Section One).
The mixture for reaction with TNBS contained in 1 ml:

0.1 M KH 2PO 4

(pH 7*0 and 8.0), 0.21 mM reduced glutathione, and TNBS as indicated.

TABLE V
THIOL CONTENT OF REDUCED GLUTATHIONE SAMPLES
(AS DETERMINED BY pCMB) BEFORE AND AFTER
REACTION WITH TNBS AT pH J.O AND 8.0

[SH] 2 hrs. After
TNBS Addition
pH 8.0
pH 7.0

SH Loss as
# Control
pH 8.0
pH 7.0

[Glutathione]

[TNBS]

0.21 mM

None(control)

0.21 mM

0.15 mM

----

—

0.21 mM

O.ljO mM

0.08 mM

0.06 mM

62#

60 #

0.21 mM

0.20 mM

0.09 mM

0.07 mM

57#

55#

0.21 mM

0.10 mM

0.13 mM

0.12 mM

38 #

20#
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At the end of two hours, the mixture was diluted three-fold (with
phosphate buffer as above) and 1 ml of It was then titrated with 1.2 mM
pCMB as before.

The temperature was maintained at 28° throughout this

experiment.
Figure 40 shows the absorption spectra of the samples from
Table V 2 hrs. after TNBS addition, just prior to dilution and titra
tion by pCMB.

It is observed that the only case for which there is a

prominent peak at 420 nm is with pH 8.0 and a TNBS conc. of 0.4 mM.
This indicates that in all other cases there has been little or no re
action of TNBS with the amino group of glutathione.

Reaction of TNBS with PFK
Amino acid analysis has revealed the presence of 30 lysine
residues per PFK protomer of 62,000 M.W. (Paetkau, et al., I9 6 8 ).
Figure 41 displays the absorption spectra'produced when PFK is reacted
with TNBS over various time intervals at three different TNBS:Lysine
per protomer ratios.

The rate of reaction is seen to be dependent not

only on the TNBS:Lysine ratio, but also on the conc. of PFK.

In all

cases, two peaks (340-350 nm and 420 nm) are apparent.

This indicates

that TNBS is reacting with lysine amino groups in PFK.

On the basis

of my results with glutathione, and from the knowledge that PFK contains
from 2-1/2 to 4 very reactive thiols per protomer (see Section One), I
must conclude that TNBS is also reacting with some thiols.
Figure 42 shows the reaction of TNBS with PFK as a function
of time at two different TNBS:Lysine ratios.

Goldfarf> (I9 6 6 ) reported

that mixtures of TNP-a-acetyllysine plus NagSOs displayed an isosbestic
point at 3^7 nm, which was independent of sulfite conc.

From this

FIGURE 1+0
Absorption spectrum of reduced glutathione (0.21 mM) as a
function of TNBS concentration and pH.
contained 0.1 M KH 2 PO 4 (pH J.O or 8.0).

Each reaction mixture (l ml)
Other reactants and conditions

of assay were as described under "Materials and Methods".
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FIGURE 41
Absorption spectrum of PFK as a function of time and TNBS:
Lysine ratio.

Each reaction mixture (1 ml) contained 0.1 M KHjoPO^.

(pH 8.0), 1 mM EDTA, and PFK as indicated.

TNBS concentrations were

0.24, 0.60, and O. 5O mM for TNBS:Lysine ratios of 1.0:1, 2.4:1, and
7*5:1, respectively.

Other reactants and conditions of assay were as

described under "Materials and Methods".
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FIGURE k2
Reaction of TNBS with PFK as a function of time and TNBS:
Lysine ratio.

Each reaction mixture (1 ml) was the same as that

described in Figure hi for the corresponding TNBS:Lysine ratio.
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latter study, Coffee, et al. (1971)> derived a em of 1.08 x 104 at
367 nm for glutamate dehydrogenase.

This Is the em which I have used

in the calculation of the Y coordinates in Figures 42 and 4-3.

Further

more, I have assumed that the em of TNP-amino groups of PFK is equal
to the em of TNP-thiol groups of the enzyme.

This assumption is based

on my observation that the em for glycine and mercaptoethanol at
367 nm is 1.0 x.104 and 1 .3 x 104, respectively.

Figure 42 shows that

more than 15 amino plus thiol groups reacted in a period of 2 hrs.
when the TNBS:Lysine ratio was 2.4:1.

In the same time interval,

fewer than 6 groups were modified when the ratio was fixed at 1 .0 :1 .
Figure 43 demonstrates that if PFK is allowed to react at a TNBS:Lysine
ratio of 1 .0 :1 for a period of 55 hrs., a maximum of 17*5 amino plus
thiol groups will be modified.

This is approximately the same number

of groups modified in only 2 hrs. with a TNBS:Lyslne ratio of 2.4:1
(Fig. 42).

PFK Activity as a Function of Modification by TNBS
Figure 44 relates the amount of reaction time of PFK with
TNBS to the activity of the enzyme at two different TNBS:Lysine ratios.
With either ratio, PFK lost about one-third of its activity in the
first few minutes after addition of TNBS.

With the TNBS:Lysine ratio

of 2.4:1, the enzyme lost nearly SO $ of its activity within 90 min. as
opposed to about 80 $ lost with a ratio of 1 .0 :1 .
Figure 43 represents a combination of Figures 42 and 44 by
elimination of their common "time" axes.

Here it is observed that

TNBS modification of only one or two groups per protomer results in a
PFK activity loss of 28$ or 37 $,respectively.

Furthermore, with the

FIGURE
Reaction of TNBS with PFK as a function of time.

The re

action mixture (1 ml) was the same as that described in Figure bl for
the corresponding TNBS:lysine ratio.
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FIGURE 44
Inhibition of PFK as a function of pre-incubation time with
two different TNBS concentrations. Each pre-incubation mixture (l ml)
was the same as that described in Figure 41 for the corresponding TNBS:
Lysine ratio.

The TNBS reaction was stopped at the intervals indicated

by removal of 0.01 ml (5 p,g PFK) of pre-incubation mixture and adding
it to 0.99 m 4 of quenching buffer which contained 80 mM sodium
glycylglycine (pH 8.0), 40 mM KHgPO* (pH 8.0), 0.4 mM EDTA, 6 mM
dithiothreitol, and 0.01$ bovine serum albumin.

A control containing

no TNBS was treated in the same way at the same time intervals.
PFK activity was then assayed using optimal conditions.

The

assay mixture (1 ml) contained 40 mM sodium glycylglycine (pH 8.0),
50 mM KC1, 4 mM MgCl2 , 5 mM dithiothreitol, 1 mM F 6 -P, 1 mM ATP, undialyzed auxiliary enzymes, and 0.02 ml (0.1 (j,g PFK) of quenched
TNBS-PFK mixture or control.

Other reactants and conditions of assay

were as described under "Materials and Methods".
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modification of about 16 amino plus thiol groups per protomer, the
enzyme has lost all but 12 $ of Its original activity.

Protection Against Inactivation
Younathan, et ^1. (I9 6 8 ), reported that Mg-ATP, and F 6 -P
provide protection against the inactivation of rabbit muscle PFK thiol
groups by either Ellman's reagent or iodoacetamide.

Uyeda (1969 )

showed that F 6 -P but not Mg-ATP protected against the inactivation of
rabbit muscle PFK lysine amino groups by either succinic anhydride or
pyridoxal 5 ,-phosphate.

Table VI shows that both Mg-ATP and F 6 -P

provide some degree of protection against inactivation of PFK by TNBS.
This stands as further evidence that TNBS does not react exclusively
with the lysine amino groups of PFK.

If it did, then one would expect

that only F 6 -P would protect against inactivation as found by Uyeda
(1969).

The experimental conditions for Table VI are as follows.
PFK-TNBS incubation mixture contained in 1 ml:

The

50 mM KH 2 P0 4 (pH 8.0),

10 mM MgCl2 , 0.2 mM EDTA, 0.5 mM TNBS, 0.18 mg PFK, and 5 mM ATP or
F 6 -P where indicated.

The TNBSrLysine ratio was 5.6:1.

At the time

interval indicated, 0.04 ml of incubation mixture was added to O .9 6 ml
of quenching solution containing 0.1 M potassium glycylglycine (pH 8.0),
0.1 M KHgP04 (pH 8.0), 0.01$ bovine serum albumin, 6 mM dithiothreitol,
and 1 mM EDTA.

The assay mixture (1 ml) contained 2j0 mM potassium

glycylglycine, 1 mM F 6 -P, 1 mM ATP, 5 mM dithiothreitol, undialyzed
auxiliary enzymes (containing ammonium sufate), and 20 |i,l of quenching
mixture (0.14 p,g PFK).
out.

The temperature was maintained at 28° through

Other reagents and conditions were as described under "Materials

and Methods".

TABLE VI
PROTECTION OF PFK AGAINST INACTIVATION BY TNBS

PFK Incubation
Mixture

%

Inhibition of PFK Activity
15 min.
60 min.
120 min.

TNBS only

58#

89#

95#

TNBS + 5 mM ATP

35#

80 #

91#

TNBS + 6 mM F 6 -P

32#

45#

69 #
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IV.

DISCUSSION

My original objective was to Investigate the allosteric and
kinetic properties of PFK In which the e-amino group of lysine had been
modified by TNBS.

Not wishing to take for granted the claimed speci

ficity of TNBS for amino groups, I thought it desirable to determine,
to my own satisfaction, the specificity of this reagent for a simple
peptide as well as for PFK.

As often occurs with research, the original

objective is forced to take a back seat, and in this case the specifi
city study itself became the major topic of this section.
As mentioned in the "Introduction", the report by Kotaki,
et al. (1964), on the specificity of TNBS has become the standard sup
port reference for the many workers using this system.

Kotaki's con

clusion that TNBS is specific for amino groups (when there is suffi
cient quantity of the latter to consume all the TNBS) seems to be based
largely upon the results of one particular experiment.

He found that

the absorption spectrum of authentic TNP-alanine was very similar to
that of a reaction mixture of TNBS and reduced glutathione.
a single peak exhibited at 35O nm.

There was

Kotaki should not have taken this

as evidence that the reaction of TNBS with alanine proceeds identically
to that of TNBS with reduced glutathione.

Had he compared instead the

spectrum of TNBS-glutathione with TNBS-alanine rather than authentic
TNP-alanine, he would have observed the appearance of two peaks with
the TNBS-alanine mixture.

As discussed in the "Results", the second

peak (at 420 nm) is due to the complexation of sulfite produced in the
reaction with the TNP-amino group.

Apparently, no such complex is

formed between sulfite and the TNP-thiol product.
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I took advantage of

i5l
this phenomenon in my studies —

to help in determining whether TNBS

was reacting exclusively with thiols (one peak) or with aminos and
thiols (two peaks).
The results of my work with glutathione showed that at all
TNBS:glutathione ratios tested, the reduced form reacts much faster
than the oxidized.

This mimics the greater reactivity of mercapto-

ethanol as compared to glycine.

The spectrum of glycine with TNBS at

a two-fold excess reveals two peaks:
Jj20 nm.

one at 3 I1O- 35 O 11111 an(* one at

The spectrum of mercaptoethanol with TNBS under the same

conditions exhibits only one peak at 350“355 mn*
The spectrum of oxidized glutathione with TNBS at all ratios
tested, like glycine, also displays two peaks:
one at k20 nm.

one at 3^5"355 11111 and

Both peaks become apparent within 20 min. after the

addition of TNBS.
The spectrum of reduced glutathione with TNBS at a four-fold
excess likewise produces two peaks:
k20 nm.

one at 3 50 -3 60 nm and one at

The 350“360 nm peak appears immediately upon addition of TNBS,

but the 420 nm peak is not seen prior to the elapse of 50 min.

When

TNBS is equimolar to or less than reduced glutathione, the 350-360 nm
peak also appears immediately, but the 420 nm peak does not even
weakly appear until 2 hrs. after TNBS addition.
If the 420 nm peak is due to the formation of a TNP-aminosulfite complex, then the absence or weakness of this peak at any time,
as with reduced glutathione, indicates that TNBS is reacting preferen
tially with thiol rather than amino groups.

From these spectral studies

it appears that the only condition under which TNBS is not strictly
preferential for thiols is when it is present in large excess.

In this
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case, TNBS reacts freely with both aminos and thiols, albeit much faster
with the latter.
It might also be significant that the 35 O-36 O nm peak of
reduced glutathione corresponds to the 3 5 0 -3 5 5 11111 peak of mercaptoethanol while the 3 J4.5—355 nm peak of oxidized glutathione corresponds
to the 3 ^10-350 nm peak of glycine.
When I determined the thiol content of reduced glutathione
(by titration with pCMB) after two hrs. of reaction with TNBS, I found
that TNBS consumed from 21-62$ of the thiols originally present.
percentage is dependent on TNBS:glutathione ratio and pH.

This

I have con

cluded that TNBS is not a suitable reagent for selective reaction with
free amino groups of a peptide or protein unless the possibility of
its reaction with thiol groups has been eliminated.
My studies on the modification of PFK by TNBS support the
above conclusion as follows.

Younathan, et al. ( 1968 ), showed that

7 or 9 thiol groups of PFK (per 62,000 M.W. protomer) will react with
iodoacetamide or DTNB, respectively, in the absence of SDS.

Uyeda

(1969 ) reported that 7*5 amino groups of PFK (per 62,000 M.W. protomer)
react with PLP.

Thus, in the absence of denaturants, an average of

8 thiols plus 7*5 aminos (a total of I5 .5 groups) per protomer of PFK

will undergo modification.

The reaction of these 8 thiols and 7«5

aminos was associated with a PFK activity loss of 70$ and 99$> respec
tively.
From my Figure

it may be seen that a maximum of 17*5

aminos plus thiols per protomer are modified with a TNBS:Lysine ratio
of 1.0:1.

I had previously found (see "Introduction") that up to 22.5

aminos plus thiols per protomer reacted with the larger TNBS:Lysine

ratio of J. 51 I.

An average value (between 17*5 and 22.5) °f 20 aminos

plus thiols reacted agrees well with the total of I5 .5 groups modified
as derived above from the work of others.

My Figure k3 shows that a

maximum PFK activity loss of 8856 corresponds to the modification of 16
aminos plus thiols per protomer.

This activity loss may be compared

to the 70 -9 9 # inactivation resulting from modification of the I5 .5
groups cited above.
A third piece of evidence which supports my conclusion that
TNBS reacts with both aminos and thiols in PFK is the "protection"
study shown in Table VI.

This was discussed under "Results".
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APPENDIX I
COMPONENTS OF A TYPICAL ASSAY FOR PFK
Reagent

Final Concentration

Sodium glycylglycine

i<0.0 mM (pH as indicated)

ATP (sodium salt)

As indicated

F 6 -P (sodium salt)

As indicated

MgCl2

2.0 mM or as indicated

Dithiothreitol

3.0 mM or as indicated

NaCl, NH 4C1, or KCl

As indicated

NADH

0.08 mM

Auxiliary enzymes (aldolase, triose
phosphate isomerase, and glycerol
phosphate dehydrogenase)

Excess (see "Enzyme
Assay", p. 5 )

PFK

As indicated

Final volume is 1 ml in a cuvet with 1 cm light path.
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APPENDIX II
TABLE OF ABBREVIATIONS

ADP

Adenosine diphosphate

AMP

Adenosine monophosphate

ATP

Adenosine triphosphate

C

Centigrade

cm

Centimeter(s)

pCMB

p-Chloromercuribenzoic acid

conc.

Concentration

DTNB

5,5/-Dithiobis(2-nitrobenzoic acid)

E

Enzyme

Ea

Activation energy

EDTA

Ethylenediaminetetraacetic acid

ES

Enzyme-substrate complex

F 6 -P

D-Fructose 6 -phosphate

FDP

D-Fructose 1,6-diphosphate

g

Grams(s)

hr.

hour(s)

ITP

Inosine triphosphate

kCal

Kilocalorie(s)

Kd

Dissociation constant

Ki

Inhibitor constant

Km

Michaelis constant

M

Molar

mg

Milligram(s)

min.

Minute(s)

ml

Milliliter(s)
159

mM

Millimolur

M.W.

Molecular weight

NADH

Nicotinamide-adenine dinucleotide (reduced form)

nm

Nanometer(s)

O.D.

Optical density

P

Product

PFK

Phosphofructokinase

Pi

Inorganic phosphate

PLP

Pyridoxal 5 '-phosphate

S

Substrate or substrate concentration

SDS

Sodium dodecyl sulfate

TNBS

Trinitrobenzene sulfonic acid

TNP

Trinitrophenyl

TRIS

Tris(hydroxymethy1)aminomethane

UTP

Uridine triphosphate

V or v

Velocity

V
max

Maximum velocity

VQpt

Optimum velocity

em

Molar extinction coefficient

p,g

Microgram(s)

p,l

Microliter (s)

pH

Micromolar

p,mole

Micromole(s)
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